currents with membrane capacitance measurements of exocytosis. Increasing stimulus intensity to invoke CDI resulted in a significant decrease in the exocytotic efficiency of N-type channels compared with P/Q-type channels. Our results reveal unexpected diversity in CaM regulation of native Ca V 2 channels and suggest that the ability of individual Ca 2ϩ channel subtypes to undergo CDI may be tailored by alternative splicing to meet the specific requirements of a particular cellular function.
Introduction
Voltage-gated Ca 2ϩ channels (VGCCs) mediate Ca 2ϩ influx into excitable cells in response to membrane depolarization, thereby providing a vital link between membrane excitability, action potential firing, and fundamental processes such as neurotransmitter release (Catterall, 2000) . Inactivation is an important determinant of VGCC function because it helps define the temporal properties of Ca 2ϩ signals. Two factors controlling VGCC inactivation are voltage and Ca 2ϩ (Cens et al., 2006) . Both forms of inactivation are regulated by multiple domains within the main pore-forming ␣ subunit and auxiliary ␤ subunit. Investigations on heterologously expressed Ca V 1.2 (L-type) and Ca V 2.1 (P/Qtype) channels have identified calmodulin (CaM) as the Ca 2ϩ sensor mediating Ca 2ϩ -dependent inactivation (CDI) (Petersen et al., 1999; Zuhlke et al., 1999; Halling et al., 2005) . CaM binds to an IQ-like motif in the CЈ tail of the ␣1 subunit, and Ca 2ϩ binding to CaM produces lobe-specific effects on channel function (Pate et al., 2000; DeMaria et al., 2001; Erickson et al., 2001; Lee et al., 2003; Liang et al., 2003; Kim et al., 2004; Petegem et al., 2005) . With Ca V 2.1, Ca 2ϩ binding to the C-terminal lobe of CaM induces Ca 2ϩ -dependent facilitation (CDF), whereas binding to the N-terminal lobe produces CDI (DeMaria et al., 2001; Lee et al., 2003) . Lobe-specific modulation has important consequences with regards to the spatiotemporal properties of the Ca 2ϩ signals required to induce CDI/CDF. C-lobe-specific CDF is activated by Ca 2ϩ microdomains generated near open Ca 2ϩ channels and may regulate the duration of a single action potential. N-lobespecific CDI is sensitive to global Ca 2ϩ elevations and therefore develops more slowly, typically requiring a train of action potentials (Lee et al., 2000) . The spatiotemporal properties of Ca 2ϩ signals supporting exocytosis are also vitally important, with prolonged signals required to support vesicle priming (Seward et al., 1995; Seward and Nowycky, 1996) and full fusion (Elhamdani et al., 2006; Fulop and Smith, 2006) . Feedback regulation of Ca V 2 channels by CaM may therefore be an important regulator of exocytosis.
Although CaM-dependent CDI of other members of the Ca V 2 family, including a cloned variant of Ca V 2.2 (N-type), has been reported (Patil et al., 1998; Cens et al., 1999; Jones et al., 1999; Petersen et al., 1999; Zuhlke et al., 1999; Liang et al., 2003) , the prevalence and function of this form of regulation in native Ca V 2 channels remains unknown. Here we examined CDI of endogenous Ca V 2.1 and Ca V 2.2 channels in chromaffin cells. Because CaM-dependent CDI of Ca V 2 channels is sensitive to intracellular Ca 2ϩ chelation (Liang et al., 2003; Meuth et al., 2005; Kreiner and Lee, 2006) , we used the perforated-patch configuration to maintain physiological buffering conditions. We show that endogenous Ca V 2.2 channels undergo prominent CDI through a CaM-dependent mechanism; Ca V 2.1 channels lack such modulation. Cloning the C terminus of Ca V 2.1 ␣1 subunit revealed variants lacking IQ-like domains. The consequences of divergent CDI on depolarization-evoked exocytosis were examined with membrane capacitance (C m ) measurements. Because stimulus strength was increased to promote CDI, N-type channels lost their ability to support exocytosis, whereas P/Q-type channels continued to provide the Ca 2ϩ signals required to support secretion. The results suggest that CaM-dependent CDI of Ca V 2 channels may be regulated in a cell-and function-specific context.
Materials and Methods
Chromaffin cell culture and adenoviral infection. Chromaffin cells were prepared as described previously (Powell et al., 2000) . Infections with recombinant adenovirus bearing enhanced green fluorescent protein (EGFP) (gift from Terry Herbert, University of Leicester, Leicester, UK), wild-type CaM (CaM WT -pIRES-GFP), or a mutant CaM incapable of binding Ca 2ϩ (CaM1234 -pIRES-GFP) (gift from David Yue, John Hopkins University School of Medicine, Baltimore, MD) were performed immediately after media replacement on the day after plating. Phosphorylated internal ribosomal entry site (pIRES) constructs were used so that wild-type or mutant CaM and EGFP were expressed as separate proteins (Alseikhan et al., 2002) , permitting identification of positively infected cells, without possible perturbation of CaM function. The addition of 3 l viral stock/100,000 cells to the culture medium resulted in a transfection efficiency of Ͼ50% 48 h after infection. Viral titer (in plaque forming units per milliliter) were determined in HEK 293 cells to be 6e ϩ10 pfu/ml for CaM WT -pIRES-GFP, 8e ϩ9 pfu/ml for CaM1234 -pIRES-GFP, and 6e ϩ7 pfu/ml for EGFP. Electrophysiology. All electrophysiological recordings were acquired at room temperature as described previously (Powell et al., 2000) . Cells were continuously superfused at a high flow rate (Ͼ2 ml/min) with an external solution containing the following (in mM): 150 NaCl, 2 KCl, 5 NaHCO 3 , 1 MgCl 2 , 2.5 CaCl 2 , 10 glucose, and 10 HEPES, pH adjusted to 7.2 with NaOH (osmolarity ϳ290 -300 mOsm). After cells were voltage clamped (holding potential, Ϫ80 mV), the external solution was replaced with one in which the concentration of NaCl was dropped to 135 mM, and 10 mM tetraethylammonium was added to prevent a slowly developing Ca 2ϩ -activated current. Tetrodotoxin was omitted because sodium channels serve as an identification marker for chromaffin cells; they are notably absent from adrenal cortical cells that can make up to 10% of our cultures. I Ca and C m were recorded in either the whole-cell or perforatedpatch configuration using borosilicate glass electrodes coated with Sylguard 184 (Dow Corning, Midland, MI) and fire polished to a resistance of 1.5-2.5 M⍀. Electrodes were filled with internal solution containing the following (in mM): 145 Cs-glutamate (Calbiochem, Nottingham, UK), 10 HEPES, 8.5 NaCl, 2 Mg-ATP, and 0.3 mM BAPTA (Invitrogen, Carlsbad, CA), adjusted to pH 7.3 with CsOH (ICN Biomedicals, Aurora, OH) (osmolarity ϳ290 mOsm). For perforated-patch experiments, Mg-ATP was omitted from the internal solution and gramicidin D (Sigma, St. Louis, MO) at a final concentration of ϳ50 g/ml in DMSO was added. Series resistance was Ͻ17 M⍀. Voltage-clamp experiments and C m measurements described in Figures 1-6 and 8 and supplemental Figures 1 and 2 (available at www.jneurosci.org as supplemental material) were performed using an Axopatch 200B amplifier (Molecular Devices, Palo Alto, CA) using custom acquisition software (provided by Dr. A. P. Fox, University of Chicago, Chicago, IL) running on a Pentium computer equipped with a Digidata acquisition board (Molecular Devices). Current traces were low-pass filtered at 5kHz using the four-pole Bessel filter supplied with the amplifier and digitized at 10kHz. Changes in C m were measured using the software-based phase-tracking method relative to a 100 fF calibration signal (Powell et al., 2000) . C m were interrupted to stimulate cells with depolarizing voltage steps from a holding potential of Ϫ80 mV to a test potential of ϩ20. Data were stored on the computer hard drive and analyzed off-line using self-written analysis software (Axobasic; Molecular Devices) and commercial software (Origin; Microcal, Northampton, MA). No corrections were made for liquid junction potentials. I Ca was not leak subtracted, and only cells with a leak current Ͻ15 pA were included in the analysis. Peak I Ca (in picoamperes) was detected, and calcium entry was quantified by integration. The left integration limit was set at 3 ms into the voltage pulse to exclude Na ϩ current, and the right limit was set to exclude tail current. Stimulations with action potential-like waveforms (see Fig. 7 ) were performed with an EPC-10 amplifier (HEKA Elektronik, Lambrecht, Germany) running Patchmaster version 2.2 software. Voltage-clamp records were acquired at 20 kHz and filtered at 3 kHz. Neither leak current subtraction nor series resistance compensation were performed. Data analysis was performed offline using Fitmaster version 2.2 (HEKA Elektronik). The action potential waveform consisted of a ramp up from the holding potential of Ϫ80 to ϩ50 mV over 2.5 ms, followed by a ramp down to Ϫ90 mV over 2.5 ms, followed by a ramp up to Ϫ80 mV over 2.5 ms. This waveform is the same as that described previously (Polo-Parada et al., 2006) and mimics native action potentials in chromaffin cells. Inward currents evoked by the action potential-like voltage protocol were biphasic, consisting of an initial, rapidly inactivating Na ϩ current followed by a temporally isolated I Ca . Measurements of peak I Ca were limited to the second component of inward current.
Statistical significance was determined using either a paired or independent Student's t test, as appropriate (InStat3; GraphPad Software, San Diego, CA). All data are expressed as the mean Ϯ SEM.
Western blotting. Cultured chromaffin cells infected with adenovirus for 48 h were washed with ice-cold PBS and suspended in radioimmunoprecipitation assay lysis buffer containing 5 mM Tris, pH 7.4, 5 mM EDTA, 150 mM NaCl, 1% (v/v) Nonidet P-40, 0.5% (w/v) sodium deoxycholate, and 1% SDS. Aliquots of lysates from 500,000 cells were boiled in SDS sample buffer and resolved on 15% SDS-PAGE gels. Proteins were transferred to a nitrocellulose membrane and incubated at 4°C overnight with 0.5 g/ml anti-CaM antibody (Research Diagnostics, Flanders, NJ). Membranes were washed with Tris-buffered saline with Tween 20 (TBST) before incubation with the secondary antibody goat anti-mouse horseradish peroxidase (Sigma) for 90 min at room temperature. The membrane was washed again in TBST before visualization by chemiluminescence (GE Healthcare Bio-Sciences, Little Chalfont, UK).
Quantitative GFP fluorescence intensity measurements. Adenoviral infected cells were identified and classified by their EGFP/GFP fluorescence. EGFP fluorescence was detected using 488 nm excitation provided by a monochromator (T.I.L.L. Photonics, Martinsried, Germany) fitted to the microscope. The intensity of EGFP emission from individual chromaffin cells was measured from the output voltage of a photomultiplier tube coupled to a variable aperture acquisition window (TILL Photonics). The EGFP fluorescence intensity of a cell was correlated to its size determined from whole-cell patch-clamp recordings of cell capacitance. These measurements are referred to as brightness density (volts per picofarads). Neutral density filters were used to cut out contamination from autofluorescence. Cells with a brightness density below 0.05 V/pF were classified as dim, and cells above 0.05 V/pF classified as bright.
[Ca 2ϩ ] i measurements. Cells were loaded with Ca 2ϩ indicator by addition of 5 M fura-2 AM (Invitrogen) as described previously . Because the intracellular environment is unknown in unpermeabilized chromaffin cells, coupled with difficulty in determining R min , fura-2 measurements were not calibrated in these experiments, and results are reported as ratios.
Cytotoxicity assay. Possible cytotoxic effects of adenoviral infection were monitored by staining the DNA with the membrane-permeable dye Hoechst 33342 (200 ng/ml; Intergen, Oxford, UK). Cells were imaged for EGFP expression and nuclear fragmentation using an Axiovert 25/AxioCam microscope/camera system (Zeiss, Herts, UK).
For quantitative analysis of cell viability, a flow cytometric assay based on detection of DNA degradation using the membrane-impermeable dye propidium iodide (PI) (15 M) was used. The number of adenoviralinfected, EGFP-expressing cells was determined in parallel. Cell viability and transfection efficiency was analyzed with a DacsCalibur flow cytometer (BD Biosciences, San Jose, CA). At 54 h after adenoviral infection, cells were resuspended and used for flow cytometry. The cell suspension without PI was measured to obtain the background fluorescence. Molecular biology. Total RNA was extracted from 180 ϫ 10 6 bovine chromaffin cells prepared as described previously (Burgoyne, 1992) , which yields very low levels of contaminating fibroblasts. TRIzol reagent (catalog number 15596-026; Invitrogen) was used according to the instructions of the manufacturer. For 3Ј rapid amplification of cDNA ends (RACE), partial cDNA sequence of bovine Ca V 2.1 spanning the S3, S4, S5, and S6 domains of repeat IV (Garcia-Palmero et al., 2001 ) (GenBank accession number AF252381) was used as a template to design two genespecific primers (GSP-1 and GSP-2) using the GeneTool Lite Program (BioTools, Edmonton, Alberta, Canada). For DNase treatment of RNA, 1 l of RQ1 RNase-Free DNase I (catalog number M610A; Promega, Madison, WI) was added to 1 g of total RNA along with 1 l of 10ϫ reaction buffer in a total volume of 10 l with water and incubated at 30°C for 30 min, followed by heat inactivation of the enzyme at 65°C for 10 min. The RACE procedure was performed on both DNase-treated and untreated RNA samples. First-strand cDNA was generated by priming bovine chromaffin cell total RNA with the oligo-dt-based adapter primer contained in the 3Ј RACE kit (catalog number 18373-019; Invitrogen). For some RNA samples, reverse transcriptase was omitted as a negative control. Two microliters of the resulting cDNA were used in an initial PCR using the gene-specific primer GSP-1 (GCCTCAGCGGGAAACCCTGT) and the abridged universal anchor primer (AUAP) from the kit. Nested PCR was performed using 5 l of a 1:100 dilution of the first PCR as a template with the GSP-2 (CGCGGATCCTCCTTCATCTTCCTCTGCTCGTTTC) that incorporated a BamHI restriction site and modified AUAP, which incorporated an XhoI site. Conditions for both reactions were as follows: 0.2 mM dNTPs, 1 l of 10ϫ reaction buffer, 0.25 l of Extensor Hi-Fidelity PCR Enzyme Mix (catalog number AB-0720a; ABgene, Epsom, UK), 0.2 M of each primer, in a total volume of 50 l at 94°C, 2 min (94°C, 30 s, 75°C, 30 s, 72°C, 2 min 13 s) for 10 cycles (temperature dropping by 1°C every cycle), followed by (94°C, 30 s, 65°C, 30 s, 72°C, 2 min 13 s) for 30 cycles, 72°C, 7 min final extension. Electrophoresis of PCR products was performed on 1-1.2% agarose gels, and DNA bands were viewed by UV transillumination. DNA sequencing of all of the clones was done by the Medical Research Council (Cambridge, UK) gene service. The sequences were conceptually translated using the GeneTool Lite program (BioTools). Blastx and Blastn (Altschul et al., 1997) analyses of the sequences were performed against the nucleotide and protein databases of the National Center for Biotechnology Information (NCBI) (http://www. ncbi.nlm.nih.gov/BLAST/). Tblastn and Blastn searches of the sequences against the human and the bovine genome databases were also done on NCBI web site (http://www.ncbi.nih.gov/Genomes/). Alignments of the DNA and protein sequences were performed using the ClustalW program (Chenna et al., 2003) available on European Bioinformatics Institute web site (http://www.ebi.ac.uk/clustalw/). The sequences of the bovine clones were aligned with the conceptual translations of the bovine CACNA1A gene (gene encoding Ca V 2.1) exons [predicted by automated computational analysis available on NCBI Entrez Gene database (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db ϭ gene&cmd ϭ Retrieve&dopt ϭ full_report&list_uids ϭ 282648)].
Materials. All drugs were made up as concentrated (typically 1000ϫ) stock solutions in distilled filtered water and stored as aliquots at Ϫ20°C until use unless stated differently. Stocks were thawed and added to external solution to obtain the required concentration. -Conotoxin GVIA (-CgTX), -Agatoxin IVA (AgaIVA) and -Conotoxin MVII (-CgTX MVIIC) were obtained from Alomone Labs (Jerusalem, Israel). Cyclosporin A (Sigma) was dissolved in 99% ethanol and stored at Ϫ20°C. CaM inhibitory peptide (Calbiochem) was dissolved as a concentrated stock in standard internal solution, kept at Ϫ20°C until needed, and then added to fresh internal solution to obtain the required concentration.
Results

Ca
2؉ -dependent inactivation of Ca 2؉ channels in chromaffin cells
The Ca 2ϩ dependency of CDI in isolated chromaffin cells was examined using two classical tests, namely sensitivity to intracellular Ca 2ϩ buffering and cation substitution. We examined the sensitivity of inactivation to intracellular Ca 2ϩ chelation by increasing the concentration of BAPTA in the whole-cell recording pipette from 0.3 to 10 mM. CDI was examined with two different protocols, a 200 ms depolarization that promotes local Ca 2ϩ buildup under the membrane (Fig. 1 A) and a train of 50 depolarizations of 10 ms duration delivered at 20 Hz that promotes more global rises in Ca 2ϩ ( Fig. 1 B, C) . Increasing intracellular Ca 2ϩ chelation profoundly decreased the inactivation of I Ca measured with either stimulus protocol ( Fig. 1 A, left, B) . Inactivation, measured as the current remaining at the end of the 200 ms depolarization expressed as a percentage of the peak I Ca (I 200 / I peak ), was increased from 55 Ϯ 6% (n ϭ 7) to 70 Ϯ 2% (n ϭ 3) with increasing BAPTA. Similarly, the fractional current remaining at the end of a train was significantly increased from 0.42 Ϯ 0.03 (n ϭ 7) to 0.74 Ϯ 0.03 (n ϭ 5) with increasing BAPTA, consistent with a reduction in cumulative CDI over the train of pulses. Replacing extracellular Ca 2ϩ with Ba 2ϩ also reduced current inactivation ( Fig. 1 A, right, C). I 200 /I peak increased from 46 Ϯ 2% (n ϭ 43) to 91 Ϯ 4% (n ϭ 5) in Ba 2ϩ , and the fractional currents remaining after a train of depolarizations increased from to 0.45 Ϯ 0.02 (n ϭ 20) to 0.86 Ϯ 0.03 (n ϭ 3). Together, the results from these two tests indicate that there is a Ca 2ϩ -dependent component to the inactivation of Ca 2ϩ currents present in adult bovine adrenal chromaffin cells.
CDI is more prominent in N-than P/Q-type channels
Studies in heterologous expression systems show that all types of high-voltage-activated Ca 2ϩ channels have the potential to undergo CDI (Liang et al., 2003) . What form CDI takes in a native system expressing a mixture of channels has not been investigated. We determined which of the VGCCs present in chromaffin cells exhibit CDI using a pharmacological approach to isolate specific channel subtypes and Ba 2ϩ substitution experiments to isolate the Ca 2ϩ -sensitive component of inactivation. Combined application of -CgTX (1 M) to block N-and -AgaIVA (300 nM) to block P/Q-type channels inhibited Ca 2ϩ entry by 94 Ϯ 1% (n ϭ 3) ( Fig. 2 A, C) . The L-type-selective dihydropyridines nimodipine (10 M) and BayK8644 (1,4-dihydro-2,6-dimethyl-5-nitro-4-[2-(trifluoromethyl)phenyl]-3-pyridinecarboxylic acid, methyl ester) (1 M) were without effect, whereas the N-and P/Q-type channel blocker -CgTX MVIIC (1 M) abolished I Ca (Fig. 2C ), confirming our and others' reports that adult bovine chromaffin cells express predominantly N-and P/Q-type channels in approximately a 1:1 ratio (Engisch and Nowycky, 1996; Currie and Fox, 1997; Powell et al., 2000) . C m measurements of exocytosis performed in the presence of the toxins further confirmed that Ca 2ϩ influx through ⌵-and P/Q-type channels also account entirely for secretory responses evoked by depolarizing stimuli in adult bovine chromaffin cells (Fig. 2 B, C) . For all subsequent work reported in this study, we used -CgTX (1 M) to isolate P/Q-type channels and -AgaIVA (300 nM) to isolate N-type channels. Ba 2ϩ substitution experiments on pharmacologically isolated N-type channels showed these to exhibit profound CDI (Fig.  3 A, B) . CDI of P/Q-type channels was by comparison modest (Fig. 3 A, B) . Differences between inactivation of N-and P/Q-type channels was particularly striking when cells were stimulated with a train of depolarizations (Fig. 3A) ; the mean fractional I Ca remaining at the end of the 50th pulse was 0.59 Ϯ 0.04 (n ϭ 10) for P/Q-type compared with 0.25 Ϯ 0.03 (n ϭ 10) for N-type channels. Because the amplitude of the currents generated by each channel type are approximately equal (Fig. 3B) , the quantitative difference in the amount of CDI observed for each subtype of channel is unlikely to result simply from differences in the number of channels expressed (Soong et al., 2002 ) but rather to differences in the way that Ca 2ϩ regulates the channels themselves.
Cyclosporine A and CaM inhibitory peptide do not inhibit CDI
The NЈ-terminal lobe of CaM has been shown to mediate CDI of P/Q-and N-type channels through a direct interaction with the ␣2.1 and ␣2.2 pore-forming subunits, respectively Halling et al., 2005) . CaM may also act indirectly to regulate inactivation through regulation of the protein phosphatase calcineurin (Burley and Sihra, 2000; Meuth et al., 2002) . To distinguish between these possibilities, we treated cells for Ͼ20 min with 1 M cyclosporine A, a calcineurin inhibitor. No significant reduction in CDI was observed (n ϭ 11) (supplemental Fig. 1 A, available at www.jneurosci.org as supplemental material).
To further probe the role of CaM binding proteins in mediating CDI in chromaffin cells, we examined the consequences of dialyzing cells with a 17 amino acid competing CaM binding peptide based on the CaM binding domain (CBD) of myosin light chain kinase (Calbiochem). CaM is an abundant protein reported to reach concentrations as high as 1-10 M in a cell (Charvin et al., 1997) ; therefore, saturating concentrations (30 M) of the peptide were dialyzed into the cells via the recording pipette. Access to the cell interior was monitored from the series resistance (Ͻ10 M⍀); 6 min is predicted to be sufficient time for the peptide to reach equilibrium in the cell (Pusch and Neher, 1988) . The mean fractional current remaining after a train of 50 pulses was 0.42 Ϯ 0.03, n ϭ 7 for control cells and 0.48 Ϯ 0.04, n ϭ 5 for culture-matched cells dialyzed with CaM inhibitory peptide (supplemental Fig. 1 B, available at www.jneurosci.org as supplemental material). I 200 /I peak was similarly unaffected, being 55 Ϯ 6%, n ϭ 7 for control cells and 47 Ϯ 4%, n ϭ 5 for cells dialyzed with peptide. These data support the cyclosporine A results in showing that proteins that form reversible low-affinity complexes with CaM, such as calcineurin (Chin and Means, 2000) , do not mediate CDI in chromaffin cell.
Adenoviral infection does not affect cell viability or Ca
2؉ channels in chromaffin cells
To assess whether preassociated CaM was mediating CDI in chromaffin cells, we adopted a dominant-negative strategy similar to that used previously (Alseikhan et al., 2002) in which mu- (Duncan et al., 2002; Thiagarajan et al., 2004) . For the purposes of this study, Semliki forest virus-mediated gene expression was considered unsuitable because it is reported to have deleterious effects on Ca 2ϩ channels and it is cytotoxic 48 h after infection (Ashery et al., 1999; Pan et al., 2002) . We therefore examined the effects of adenoviralmediated gene transfer on chromaffin cell viability and Ca 2ϩ Figure 2 . Pharmacological identification of VGCCs expressed by adult bovine chromaffin cells. A, Superimposed I Ca from a representative chromaffin cell before and after 5 min application of the P/Q-type-selective inhibitor AgaIVA (300 nM) and N-type-selective inhibitor -CgTX (1 M). B, Corresponding C m recorded in the same cell. Gaps in the traces indicate timing of the depolarizing pulses during which capacitance detection is interrupted. Combined inhibition of N-and P/Q-type channels abolishes Ca 2ϩ entry and exocytosis in adult bovine chromaffin cells. C, Mean Ϯ SEM percentage inhibition in Ca 2ϩ entry (determined by integration of I Ca ; hatched bars) and corresponding ⌬C m (filled bars) resulting from combined application of AgaIVA (300 nM) and -CgTX (1 M) (n ϭ 3), the L-type channel inhibitor nimodipine (Nmdp; 10 M, n ϭ 3), or the N-and P/Q-type inhibitor -CgTX MVIIC (10 M; n ϭ 3). CDI is more pronounced in N-type channels than P/Q-type channels in chromaffin cells. Replacement of extracellular Ca 2ϩ with Ba 2ϩ was used to probe CDI of pharmacologically isolated N-and P/Q-type channels. A, I Ca was evoked with a train of 50 pulses of 10 ms duration from Ϫ80 to ϩ20 mV, delivered at 20 Hz. Mean Ϯ SEM data are from n ϭ 10 cells recorded in perforated-patch conditions in either the presence of 300 nM AgaIVA to isolate N-type channels (ƒ, ) or 1 M CgTX to isolate P/Q-type channels (E, F). Cells were stimulated first in control external solution (2.5 mM Ca 2ϩ ) (, F) and then after equimolar replacement with Ba 2ϩ (ƒ, E). The difference in CDI between N-type and P/Q-type channels at the 50th pulse in Ca 2ϩ is significantly different ( p Ͻ 0.0001). B, Superimposed current traces of pharmacologically isolated N-type and P/Q-type channels recorded in response to a 200 ms depolarization from Ϫ80 to ϩ20 mV before and after replacement of extracellular Ca 2ϩ (black trace) with Ba 2ϩ (gray trace). I 200 /I peak for N-type channels in Ca 2ϩ was 40 Ϯ 7% (n ϭ 15) compared with 98 Ϯ 1% (n ϭ 3) in Ba 2ϩ and for P/Q-type currents I 200 /I peak increased from 53 Ϯ 6% (n ϭ 15) in Ca 2ϩ to 84 Ϯ 3% (n ϭ 5) in Ba 2 ϩ .
channel properties. Comparisons were made between cells infected with recombinant adenoviruses expressing EGFP alone or EGFP in combination with wild-type CaM (CaM WT -pIRES-EGFP). Cells infected with CaM WT -pIRES-EGFP adenovirus for 54 h had the characteristic rounded cell morphology of uninfected chromaffin cells and an intact, smooth, and phase-bright plasma membrane (Fig. 4 A, top) . EGFP fluorescence in infected cells was variable from cell to cell, ranging from very dim (just above autofluorescence) to very bright (Fig. 4 A, middle) . This variability in EGFP fluorescence was observed with all adenoviral constructs tested over the whole experimental period of 5 d. Staining with the DNA marker Hoechst 33342 showed that the nuclei were intact and that the DNA was not fragmented regardless of the EGFP expression level (Fig. 4 A, bottom) , indicating that adenoviral infection per se does not induce apoptosis in chromaffin cells. To quantify the overall viability of infected cells, we used a flow cytometric assay of DNA staining by propidium iodide. Uninfected cultures of chromaffin cells were found to contain 4 Ϯ 1% necrotic and 9 Ϯ 2% apoptotic cells (n ϭ 3 preparations). Populations of cells selected by their EGFP fluorescence after infection with either CaM-pIRES-EGFP or EGFP adenoviruses showed no significant increase in the percentage of necrotic (0.5 Ϯ 0.2 vs 3.9 Ϯ 2.1%, n ϭ 3) or apoptotic (8.6 Ϯ 3.9 vs 3.4 Ϯ 0.7%, n ϭ 3) cells compared with uninfected cells. We therefore concluded that adenoviral infection per se is not cytotoxic to chromaffin cells, nor does it induce apoptosis over the experimental period we use.
To distinguish specific effects of expressed proteins of interest (CaM WT or CaM 1234 ) from effects of the infection marker EGFP on channel function, we examined I Ca densities from cells showing a wide range of EGFP fluorescence levels. The total EGFP fluorescence of individual cells was quantified with a photomultiplier and expressed as a ratio of cell size (brightness density in volts per picofarad). Cells with a brightness density below 0.05 V/pF were classified as dim and above 0.05 V/pF as bright. A significant reduction in I Ca density was observed in bright cells compared with dim or uninfected control cells (Fig. 4 B) . However, there was no significant difference in Ca 2ϩ channel density between uninfected cells and dim cells infected with adenovirus expressing either EGFP alone or CaM WT with EGFP (Fig. 4 B) , nor was there a change in inactivation (Fig. 4C,D) . The data confirm that high expression levels of EGFP are associated with a loss of functional Ca 2ϩ channels (Thiagarajan et al., 2005) . All additional investigations were restricted to dim cells.
Adenoviral expression of mutant CaM reduces CDI
To determine whether preassociated CaM mediates CDI of the endogenous VGCCs found in chromaffin cells, we infected cells with recombinant adenovirus expressing EGFP in combination with mutant CaM 1234 (CaM 1234 -pIRES-EGFP). As a control, experiments were conducted in parallel on cells infected with CaM-WT -pIRES-EGFP. Western blotting confirmed that the viruses were functional and that the CaMs were being expressed (Fig.  5A ). There was no significant difference between the mean peak I Ca measured in the cells infected with CaM WT -pIRES-EGFP (332 Ϯ 28 pA, n ϭ 20) and CaM 1234 -pIRES-EGFP (308 Ϯ 36 pA, n ϭ 18). In cells expressing CaM 1234 , however, the inactivation of I Ca evoked by either a train of 50 depolarizations or a single 200 ms depolarization was significantly reduced compared with cells made to express excess CaM WT (Fig. 5 B, C) Because a shift in the voltage dependence of either activation or inactivation would affect cumulative inactivation during a train of depolarizations, we also examined the current-voltage relationship and steady-state inactivation of I Ca in CaM WT -and CaM 1234 -expressing cells. These were indistinguishable from uninfected cells (Fig. 5 D, E) , consistent with the idea that CaM is acting directly on the channels to regulate CDI.
N-type but not P/Q-type current inactivation is regulated by CaM
To determine whether CaM-mediated CDI of N-and/or P/Q-type channels differs in chromaffin cells, we examined the effect of CaM 1234 and CaM WT on pharmacologically isolated currents (Fig. 6 A, B) . Fractional P/Q-type current remaining at the end of a train of depolarizations was 0.63 Ϯ 0.09 (n ϭ 5) for CaM WT -expressing cells and 0.70 Ϯ 0.05 (n ϭ 6) for CaM 1234 -expressing cells; the difference was not significant ( p ϭ 0.49). In contrast, fractional N-type current remaining at pulse 50 was 0.35 Ϯ 0.07 (n ϭ 8) for CaM WT -expressing cells compared with 0.67 Ϯ 0.04 (n ϭ 6) for CaM 1234 -expressing cells; this difference was highly significant ( p ϭ 0.004). Thus, N-type channel CDI showed a marked sensitivity to CaM 1234 expression, consistent with the notion that preassociated CaM mediates inactivation of this . Data shown are representative from an uninfected, CaM WT -infected, and CaM 1234 -infected cell. D, Current-voltage relationship for I Ca in uninfected (OE), CaM WT -infected (f), or CaM 1234 -infected (ࡗ) cells. I Ca measured at each potential was normalized to the peak current, and data points represent the mean Ϯ SEM from five cells in each group. Note that, in all three groups of cells, the threshold for activation of the channels is approximately Ϫ20 mV, consistent with them being high-voltage-gated channels of the Ca V 2 family. E, Steady-state inactivation properties were not affected by viral infection and expression of either CaM WT or CaM 1234 . I Ca were elicited by a 50 ms test depolarization to ϩ20 mV after a 30 s shift in the membrane holding potential to potentials varying from Ϫ80 to 60 mV. The peak I Ca of the test pulse, normalized to the value obtained from a holding potential of Ϫ80 mV are plotted against membrane potential and fitted with a Boltzmann relationship. Mean ϮSEM data are plotted from five cells from each group.V 50 of Ϫ38 mV for CaM WT -infected, CaM 1234 -infected, and uninfected cells.
type of channel. The inactivation of isolated P/Q-type currents, conversely, is insensitive to CaM 1234 expression, suggesting that the small amount of CDI observed for P/Q-type channels in chromaffin cells (Fig. 3) is not mediated by CaM.
Bovine Ca V 2.1 C termini lack regions implicated in CaMdependent regulation of the channel The results indicating that P/Q-type channels display relatively minor CDI in our study in bovine chromaffin cells are surprising because studies with heterologously expressed human or rat P/Qtype channel cDNAs report robust CaM-dependent inactivation. To determine whether the bovine Ca V 2.1 subunit cDNA contains sequence corresponding to the protein structural regions implicated in CaM-dependent regulation, we cloned its 3Ј end using a 3Ј RACE procedure on DNaseI-treated RNA extracted from bovine chromaffin cells. Agarose gel electrophoresis of the nested PCR products revealed multiple bands of differing size (0.31, 0.47, 0.58, 0.7, and 1.3 kb), (supplemental Fig. 3A1 , available at www.jneurosci.org as supplemental material). These bands were excised, and the DNA was extracted and subcloned (supplemental Fig. 3A2 , available at www.jneurosci.org as supplemental material) for sequencing. Blastx and Blastn searches against nucleotide and protein databases as well as Tblastn and Blastn searches against the human and bovine genome revealed that, with the exception of a single clone (0.7 kb, which was a nonspecific amplification), all were bovine Ca V 2.1 clones. An alignment of the deduced amino acid sequences of the bovine Ca V 2.1 clones with the sequence of a human Ca V 2.1 clone (GenBank accession number AAB49677) and the bovine Ca V 2.2 subunit (GenBank accession number AAF24229) is shown in supplemental Figure 3B (available at www.jneurosci.org as supplemental material). A schematic representation of the clones is shown in Figure 6C . The largest of the four clones, EF b /full-length CЈ terminus (FLC) (1.3kb) contains all of the Ca V 2.1 subunit domains implicated in CaM-dependent regulation (the pre-IQ domain, an IQ-like CaM interaction domain, and a CBD), the rest of the clones lack these important regions (Fig. 6C) . The EF (0.31kb) clone has an incomplete EF hand, terminating with an alanine residue, a position corresponding to the end of exon 36 in the human Ca V 2.1 gene. The clones having complete EF hands [EF b (0.47 kb), EF b Bs (0.58kb), and EF b /FLC (1.3kb)] contained the 37b version of exon 37 (Bourinet et al., 1999) . The exon boundaries on the 3Ј RACE clones were compared with that of the bovine CACNA1A gene; the Bs sequences present in the EF b Bs clone were not represented in the predicted bovine CACNA1A gene exons. The EF b / FLC clone showed agreement with the predicted CACNA1A gene exons up to exon 43. The EF b /FLC has no sequence in it corresponding to the predicted exon 44, and its sequence diverged 4 Figure 6 . CaM regulates CDI in N-type but not P/Q-type channels in chromaffin cells. Inactivation of P/Q-type and N-type channels during a train of repetitive depolarizations from Ϫ80 to ϩ20 mV, delivered at 20 Hz. A, Data plotted are the mean Ϯ SEM for CaM WT -expressing (n ϭ 5) and CaM 1234 -expressing (n ϭ 6) cells and recorded with perforated patch and 1 M -CgTx added to the external solution. B, Data are from CaM WT -expressing (n ϭ 8) and CaM 1234 -expressing (n ϭ 6) cells recorded in the presence of 300 nM AgaIVA. C, Schematic diagram showing the domains contained in the Ca V 2.1 RACE products isolated from bovine chromaffin cells. RIV, CЈ terminal of domain IV including exon 36; EF, EF hand domain including exon 37; Bs, bovine-specific sequence; FLC, full-length CЈ terminus; PIQ, pre-IQ domain; IQ, IQ-like domain. The sequence data and the corresponding nucleotide sequences are available from European Molecular Biology Laboratory/GenBank/DNA Data Bank of Japan under accession numbers AM421132, AM421133, AM421134, and AM421135 and in supplemental Figure  3B (available at www.jneurosci.org as supplemental material).
from the predicted bovine CACNA1A gene in the region of exon 45. Also there was no exon 46 in the predicted bovine CACNA1A gene, whereas the EF b /FLC we cloned had sequence in it that corresponded to exon 46 of the human CACNA1A gene. However EF b /FLC lacks any sequence corresponding to the exon 47 of the long isoform of the human Ca V 2.1 subunit. We checked whether exon 47 is represented in the bovine genome by performing 3Ј RACE on bovine chromaffin cell total RNA that was not treated with DNase. This yielded two DNA bands of 0.67 and 1.68 kb. The 0.67 kb contains intronic sequence corresponding to intron 36 of human CACNA1A, suggesting that it is a genomic clone. Its translated region corresponds to exon 36 and exon 37a of CACNA1A. The 1.68 kb clone did include exon 47, but, because it also has a stop codon intervening the coding sequence, we were unable to determine whether this clone was derived from genomic DNA or represents a RACE error. Together, the data suggest that exons critical for CaM regulation of Ca V 2.1 may be skipped in chromaffin cells to yield channels with short CЈ termini and altered regulation.
Physiological consequences of CDI on exocytosis
Finally, we investigated the potential physiological consequences of CDI in chromaffin cells. First, we examined whether stimulation of chromaffin cells with action potential-like waveforms inactivated the channels in a similar manner to that seen with the step depolarizations. As shown in Figure 7A , currents evoked by voltage stimuli designed to mimic an action potential had two distinct peaks. The first peak arises from activation of voltagegated sodium channels and is insensitive to block by CdCl 2 , whereas the delayed second peak arises from activation of VGCCs and is abolished by CdCl 2 (100 M; n ϭ 6). I Ca evoked by a train of 100 action potentials (100 Hz) underwent inactivation, reducing the mean peak current from 1018 Ϯ 108 to 507 Ϯ 36 pA (n ϭ 6). Inactivation was abolished after replacement of extracellular Ca 2ϩ with Ba 2ϩ (Fig. 7B ), indicating that, as with the step depolarizations (Fig. 1C) , CDI was also activated with this more physiological stimuli. Moreover, comparison of inactivation in toxinisolated P/Q-type versus N-type channels showed that it was the latter that underwent profound CDI (Fig. 7C) .
To examine the potential consequences of CDI on exocytosis from chromaffin cells, the relationship between Ca 2ϩ entry through pharmacologically isolated N-and P/Q-type channels and exocytosis was quantified by combining voltage-clamp recordings of the currents with C m measurements. Initially, cells were stimulated with long depolarizations (800 ms) in which recorded in the perforated-patch configuration before (control; black trace) and during application of the nonselective blocker of VGCCs, CdCl 2 (100 M; dashed gray trace). The stimulus train consisted of a 100 "action potentials" delivered at 100 Hz; currents shown correspond to the first two and last two evoked by a train. Note that CdCl 2 blocks the second component of inward current consistent with it representing I Ca , whereas the first component of current is insensitive to block as expected for current carried by voltage-gated Na channels. ap, Action potential. B, Superimposed currents from another representative cell before and after equimolar replacement of extracellular Ca 2ϩ (black trace) with Ba 2ϩ (dashed gray trace). Currents shown correspond to the first two and last two evoked by a train like that used in A. In Ba 2ϩ , currents do not decrease in amplitude over the course of the stimulus consistent with the abolition of CDI. C, Inactivation after repetitive depolarizations by a train of 100 action potentials (100 Hz) was significantly different between N-type (ƒ) and P/Q-type (OE) channels. Points represent the mean Ϯ SEM fractional I Ca measured in n ϭ 4 cells under perforated-patch conditions. AP, Action potential.
there is complete inactivation of the channels (Fig. 8 A) . The rate of inactivation for the toxin-isolated currents activated with 800 ms depolarizations could be described with a double-exponential time course. There was no difference in the first time constant ( Ϸ 26 and 27 ms for P/Q and N-type I Ca , respectively), but N-type channels displayed a faster second time constant ( Ϸ 173 ms) compared with P/Q-type channels ( Ϸ 302 ms), which resulted in significantly less Ca 2ϩ entering the cells (158 Ϯ 21 ϫ 10 16 Ca 2ϩ ions, n ϭ 14 and 231 Ϯ 29 ϫ 10 16 Ca 2ϩ ions, n ϭ 11 for N-and P/Q-type channels respectively, p ϭ 0.05). Consistent with the overall decreased Ca 2ϩ entry through N-type channels after 800 ms depolarizations, the exocytotic responses measured in the same cells were significantly smaller (160 Ϯ 24, n ϭ 14, p ϭ 0.002) for N-type compared with P/Q-type channels (390 Ϯ 61 fF, n ϭ 11). The exocytotic efficiency (calculated as ⌬C m /͐Ca 2ϩ influx) was also significantly different for the two channels with these long depolarizations [1.82 Ϯ 0.23 fF/Ca 2ϩ ion (n ϭ 6) for P/Q-type channels compared with 1.03 Ϯ 0.17 fF/Ca 2ϩ ion (n ϭ 9) for N-type channels, **p Ͻ 0.01]. Interestingly, no difference in exocytotic efficiency between the two channel types was observed when stimulus intensity was decreased to 40 ms, at which CDI is insignificant [0.59 Ϯ 0.08 fF/Ca 2ϩ ion (n ϭ 4) for P/Qtype channels and 0.43 Ϯ 0.04 fF/Ca 2ϩ ion (n ϭ 4) for N-type channels]. We then compared the ability of N-and P/Q-type channels to support exocytosis evoked by a train of depolarizations (Fig. 8 B) . Ca 2ϩ influx through N-type channels was found to contribute progressively less to evoked secretory responses toward the end of a stimulus train as CDI developed.
Discussion
This study is the first to report CaM-dependent inactivation of a native N-type channel. The presence of CDI for this class of VGCCs has been difficult to define, with conflicting results arising from biophysical studies (Cox and Dunlap, 1994; Patil et al., 1998; Jones, 1999) and from molecular studies of recombinant channels (Liang et al., 2003) . As shown here (Figs. 3, 7, 8) , CDI of N-type channels in chromaffin cells is evident when cells are stimulated with long depolarizations or at high frequency with short-duration pulses and when intracellular Ca 2ϩ buffering is kept low (0.3 mM BAPTA) or undisturbed in perforated patch. This apparent sensitivity of N-type channel CDI to the spatiotemporal features of cytosolic Ca 2ϩ rises is similar to that described for recombinant ␣2.1 channels (Lee et al., 2000; Kreiner and Lee, 2006) , which is driven by Ca 2ϩ binding to the NЈ-terminal lobe of CaM (Lee et al., 2000; DeMaria et al., 2001; Liang et al., 2003; Kreiner and Lee, 2006) . The blocking action of CaM 1234 on N-type channel CDI in chromaffin cells together with the presence of an EF b -like domain (Bourinet et al., 1999) , an IQ-like domain (Petersen et al., 1999) , and CBD domain (Lee et al., 1999) in the CЈ terminal of bovine chromaffin ␣2.2 sequence (Fig. 5B ) strongly suggest that the CDI observed here occurs through the same pathway described for recombinant channels of the Ca V 2 family (Liang et al., 2003; Halling et al., 2005) . Interestingly, like in the studies by Liang et al. (2003) , a small component of CDI was still present in cells expressing CaM 1234 , which could be attributed to the low affinity of apocalmodulin (apoCaM) and CaM 1234 for the IQ-motif of ␣2.2 (Petersen et al., 1999; Zuhlke et al., 1999; Pate et al., 2000; Kim et al., 2004; Black et al., 2005) and competing actions of endogenous wild-type CaM. Increasing expression of CaM WT with adenovirus did not alter the observed CDI, as would be expected if endogenous levels of CaM are saturating. Moreover, the lack of effect on CDI of dialyzing cells with a CaM binding peptide (sup- Figure 8 . CDI of N-type channels limits their ability to support exocytosis. A, Superimposed mean I Ca (top) and corresponding C m changes (bottom) recorded in chromaffin cells (n ϭ 15) in response to 800 ms depolarizations. Gaps in the C m traces indicate timing of depolarizing pulses during which capacitance detection was interrupted. The contribution from each channel subtype was assessed pharmacologically by addition of -CgTX (1 M; n ϭ 9) or AgaIVA (300 nM; n ϭ 6). ⌬C m were normalized to the maximum measured before addition of toxin. B, Mean C m changes measured in cells stimulated with a train of 50 pulses of 10 ms duration from Ϫ80 to ϩ20 mV delivered at 20 Hz (illustrated above the panel). Gaps in the C m traces indicate timing of depolarizing pulses during which capacitance detection was interrupted. Superimposed traces show the contribution from N-type channels (dark gray trace) and P/Q-type channels (light gray trace) to the total secretory response (black trace; n ϭ 6).
plemental Fig. 1 B, available at www. jneurosci.org as supplemental material) supports the notion that apoCaM is preassociated with N-type channels in chromaffin cells and that dissociation is slow (Liang et al., 2003) . The lack of effect of CaM 1234 expression on the kinetics of voltage-dependent inactivation (VDI) in chromaffin cells further supports preassociation (Liang et al., 2003) . This is different from observations made on P/Q-type channels in central neurons, in which dialysis of the same peptide was found to be an effective blocker of CDI (Xu and Wu, 2005) , suggesting that CaM association of some Ca V 2 channels may be dynamically regulated by interactions with other Ca 2ϩ binding proteins (Lee et al., 2002; Chaudhuri et al., 2005; Lautermilch et al., 2005) . Sequence variations in the CBD of ␣2.2 versus ␣2.1 may impact on this form of regulation.
In addition to CDI, N-type channels may undergo two types of VDI that are also regulated by activity (Hering et al., 2000; Cens et al., 2006) ; closed-state inactivation in particular may accumulate during high-frequency stimuli and, like CDI, gives rise to U-shaped inactivation (Patil et al., 1998) . Unlike CDI, however, closed-state inactivation is unaffected by substituting Ba 2ϩ for Ca 2ϩ . As can be seen in Figures 1 and 2 , once CDI in chromaffin cells is blocked with Ba 2ϩ , cumulative VDI is modest (ϳ15%). Two factors that regulate cumulative VDI are the subunit composition of the channel, with ␤2a subunit association essentially occluding such regulation (Patil et al., 1998) and alternative splicing (Thaler et al., 2004) . The modest cumulative VDI observed in our study, together with the separation between the voltage dependence of activation and steady-state inactivation (Fig. 4) are consistent with previous suggestions that N-type channels in chromaffin cells have ␤2a subunits . Notably, in recombinant studies, CDI is most easily observed in Ca V 2* channels when the ␣1 subunit is coexpressed with ␤2a (Lee et al., 2000; Liang et al., 2003) . Thus, in chromaffin cells, CDI of N-type channels takes precedence over VDI in limiting Ca 2ϩ entry during the kind of intense stimulation, associated with stress responses.
An unexpected finding from this study is the absence of significant CDI of P/Q-type channels. Comparison of our data with that of Polo-Parada et al. (2006) suggests that a similar pattern of differential CDI between N-and P/Q-type channels also occurs in mouse chromaffin cells. Two groups have published extensively on the role CaM plays in mediating CDI and CDF of recombinant P/Q-type channels (Lee et al., 1999 (Lee et al., , 2000 (Lee et al., , 2002 (Lee et al., , 2003 DeMaria et al., 2001; Chaudhuri et al., 2004) , notably all of the studies have been performed in HEK293 cells transfected with either a human or rat ␣1A clone coexpressed with ␤2a. Cellspecific regulation of Ca V 2.1 inactivation is likely to arise from alternative splicing (Bourinet et al., 1999; Chaudhuri et al., 2004; Lipscombe and Castiglioni, 2004) and differential association with ␤ subunits (Lee et al., 2000; Chaudhuri et al., 2004) . The main cDNA clones isolated from chromaffin cells corresponding to the C terminus of P/Q channel ␣1 subunits are forms with short C termini lacking the crucial IQ-like and CBD domains required for CaM regulation, and two of these also lacked a full EF hand (Fig. 5) . Consistent with our findings, channels lacking these motifs would not be expected to bind or be regulated by CaM . Variants lacking exons 36, 37, 43, 44, and/or 47 have been described previously (Ligon et al., 1998; Krovetz et al., 2000; Soong et al., 2002; Kanumilli et al., 2006) ; this, however, is the first report of transcripts lacking all CaM regulatory domains, which includes exons 40 and 42. Studies on recombinant channels established previously that splicing at exons 37, 44, and/or 47 alone is not sufficient to remove CDI (Soong et al., 2002; Chaudhuri et al., 2004) . There are other reports of endogenous P/Q-type channels lacking CDI Chaudhuri et al., 2005) ; whether these too lack exons 40 and 42 remains to be seen. Regulation of CDI through alternative splicing of the CЈ terminus has now also been reported for Ca V 1.3 in the auditory system (Shen et al., 2006) , suggesting that this form of regulation and fine-tuning of VGCC inactivation may be more widespread in the nervous system than previously thought.
The longest clone we obtained (EF b /FLC) has complete EF hand, pre-IQ, IQ-like, and CBD domains. This splice variant might have been expected to display some regulation by CaM. Inclusion of exon 37b would be expected to ablate CDF but should leave CDI intact (Chaudhuri et al., 2004) . Four possible reasons why CDI may not have been observed are as follows: (1) these channels are associated with ␤ subunits that attenuate CaM regulation (Lee et al., 2000; Chaudhuri et al., 2005) , (2) CaMdependent CDI is blocked by association with another Ca 2ϩ binding protein (Weiss and Burgoyne, 2001; Lautermilch et al., 2005) , (3) sequence variation at the C-terminal end of the CBD impair CDI (Lee et al., 2003) , and (4) exon 47 is missing, which is reported to be among the sites of interaction for regulation by ␤ and G␤␥ subunits (Zhong et al., 1999; Dolphin, 2003) . It is possible that the EF b /FLC splice variant may not have the full extent of channel regulation seen for the longer channel types. For example, the bovine N-type channel that does have a longer C terminus than EF b /FLC shows enhanced sensitivity to regulation by G␤␥ Fox, 1997, 2002) .
Because the discovery that the neuronal VGCCs commonly associated with neurotransmitter release can display CDF and CDI, there has been much speculation on the impact these forms of regulation might have on exocytosis and synaptic plasticity. In sensory cell ribbon synapses, CDI of Ca V 1.4 channels has been found to be switched off to allow for tonic neurotransmitter release (Singh et al., 2006) . Here we show that, as CDI develops, the exocytotic efficiency of N-type channels is decreased relative to P/Q-type channels, indicating that the efficacy with which Ca 2ϩ entry through the two types of channels support exocytosis is different. This is unlikely to be attributable simply to differences in the ability of the channels to interact with the fusion machinery (Bezprozvanny et al., 1995; Rettig et al., 1996) , because no differences are observed when cells are stimulated with 40 ms step depolarizations (Engisch and Nowycky, 1996) . A more likely explanation is that CDI reduces the extent of Ca 2ϩ domain overlap around N-type channels and consequently decreases the likelihood that nearby primed vesicles will undergo fusion. Because subplasmalemmal Ca 2ϩ also regulates the distance between docked vesicles and Ca 2ϩ channels (Becherer et al., 2003) , CDI may also reduce the probability of new vesicles docking in the vicinity of N-type channels compared with P/Q-type channels during periods of intense stimulation. Interestingly, two recent studies in chromaffin cells have also established that the mode of exocytosis shifts from kiss-and-run to full fusion as stimulus intensity is increased to levels associated with activation of the stress response (Fulop et al., 2005; Elhamdani et al., 2006) ; whether CDI therefore limits the ability of N-type channels to support full fusion is an intriguing possibility that will require additional investigation.
